In this paper laser thermal processing ͑LTP͒ is applied to induce the Ti silicide formation in replacement of rapid thermal annealing ͑RTA͒ in narrow lines. Results show that the C40 TiSi 2 is synthesized after LTP in both large and small features. With this interfacial C40 TiSi 2 , the C54 TiSi 2 -phase formation temperature can be lowered by 100°C during subsequent annealing. The C40-C54-phase transition is also achievable with low temperature treatment. Most importantly, the C54 TiSi 2 growth is linewidth independent down to at least 0.25 m using LTP followed by RTA. LTP provides a possible technique to extend the application of Titanium disilicide (TiSi 2 ) is widely applied in the integrated circuit ͑IC͒ industry as source and drain contacts and gate electrodes for complementary metal-oxide-semiconductor ͑CMOS͒ transistors in ultralarge scale integration ͑ULSI͒ technology.
Titanium disilicide (TiSi 2 ) is widely applied in the integrated circuit ͑IC͒ industry as source and drain contacts and gate electrodes for complementary metal-oxide-semiconductor ͑CMOS͒ transistors in ultralarge scale integration ͑ULSI͒ technology. 1 In the current semiconductor processing, a two-step rapid thermal annealing ͑RTA͒ technique is used to fabricate TiSi 2 from Ti/Si ͑Ti film on Si substrate͒ wafers. The C49 TiSi 2 , a high resistivity ͑60-70 ⍀ cm͒ metastable phase forms first after the first RTA at 550-700°C. After selective Ti etch and a second RTA at 750-850°C, C49 TiSi 2 transforms to the low resistivity ͑15-20 ⍀ cm͒ stable C54 phase. A complete C49 to C54 phase transition is essential for obtaining low resistance and high stability contacts in CMOS devices. However, due to the fine line effect, 1 incomplete C49-C54 transformations often occur on narrow polysilicon lines. As a consequence, high RTA temperatures are required to partially compensate the fine line effect, where the high temperature used in turn causes severe problems such as agglomeration 2 and punch through 3 and results in device failure. The fine line effect is the major limitation that prevents the extension of TiSi 2 to devices smaller than 0.25 m. Currently, CoSi 2 is used instead of TiSi 2 for devices with features Ͻ0.25 m, since it has no such fine line effect. However, CoSi 2 has its own problems, e.g., poorer thermal stability and sensitivity to oxygen as compared to TiSi 2 . It would be ideal if TiSi 2 could be extended to smaller devices.
Laser thermal processing ͑LTP͒ has been used to synthesize a third phase of Ti disilicide; the C40 TiSi 2 was formed on blanket wafers in our previous work. 4 Having an excellent in-plane lattice match (Ͻ0.3%) with the C54 phase, this C40 TiSi 2 is expected to promote the C54 growth on patterned wafers. 4 However, the formation of C40 TiSi 2 on patterned wafers where Si is surrounded by oxide with LTP has not been shown. Moreover, the enhancement effect of C54 formation by the C40 phase has not been demonstrated on narrow poly-Si lines, where severe problems exist for the C54 phase formation when using conventional RTA. In this paper, we introduce the LTP technique into the self-aligned silicidation process in replacement of the first RTA, and this LTP silicidation process is demonstrated to be able to greatly promote the formation of the C54 phase even in narrow lines. We further demonstrate that the LTP silicidation process is insensitive to the Si line width, and the undesired fine line effect is eliminated.
Experimental
Samples with a range of linewidths were fabricated to study the dependence of the C54 transformation on line width. A 255 nm thick poly-Si layer was deposited by chemical vapor deposition ͑CVD͒, and then patterned using the standard poly-Si gate lithography, followed by etching, and cleaning processes. Lines ranging in width from 0.25 to 5 m and poly-Si pads of 100 ϫ 100 m were prepared. The spacing between two adjacent lines is 0.25 m so that sufficient poly-Si lines can be covered by the laser spot ͑1-2 m in diam͒ of the micro-Raman spectrometer to generate Raman signals for monitoring the evolution of the silicide phases. A 35 nm Ti layer was deposited on the patterned wafers. Shown in Fig. 1 is the optical image of the arrays of Ti/0.25 m poly-Si lines. Blanket samples with Ti/255 nm poly-Si layers were also fabricated and were used as reference samples for comparison purposes. Figure 2 illustrates the excimer laser annealing system. Samples are placed on the sample holder in a stainless vacuum chamber. The holder and samples can move along the vertical direction so that the whole sample can be irradiated. After the chamber was evacuated to a base pressure better than 6 ϫ 10 Ϫ6 Torr, the excimer laser irradiates the sample surface through a quartz window. A KrF ( ϭ 248 nm) laser with the spot size of 5 ϫ 10 mm was used in this work which enables the annealing of patterned wafers for studying the impacts on devices. The excimer laser fluence was optimized at 0.2 J/cm 2 , based on our simulations. Total pulse numbers on each samples varied between 1-200.
The Ti silicide phase formed is identified with micro-Raman spectroscopy ͑Raman͒. The Raman spectral differences among the C49, C40, and C54 TiSi 2 are obvious, making Raman spectroscopy superior to X-ray diffractions ͑XRD͒ for the silicide phase identification, since the XRD peaks for C49 ͑131͒, C40 ͑111͒, and Ti 5 Si 3 ͑211͒ lie very close to each other, and clear separation of these phases is sometimes difficult to achieve. 5 In order to reduce the interference of the Raman signal from the c-Si substrate, we narrow the slit in front of the grating to 25 m, simulating a confocal Raman setup. In this case, the majority of the Raman signals collected are from the silicide layers on top of the 255 nm poly-Si, while the signal from the defocused c-Si substrate is effectively blocked by the slit.
Results and Discussion
C40-C54 transformation.-Raman spectra from poly-Si lines with various linewidths ranging from blanket wafers to 0.25 m were examined with Raman spectroscopy after laser annealing and surface Ti etch. A typical spectrum, obtained from 0.25 m poly-Si lines is displayed at the bottom of Fig. 3 . As confirmed in our previous study, 4 the Raman spectrum indicates the formation of C40 TiSi 2 on poly-Si lines with line widths ranging from 0.25 to 100 m after laser annealing. C40 TiSi 2 is also a high resistivity metastable silicide as compared with C54 TiSi 2 . 6 In practical applications, it is very important and necessary to completely convert the metastable high resistivity C40 phase to the stable low resistivity C54 phase, in order to achieve low sheet resistance, low contact resistance, and high process stability. The C40 TiSi 2 will have no advantages over the C49 phase if the C54 phase formation via C40 also suffers from the fine line effect. Therefore, it is very important to examine the C40-C54 phase transformation on narrow poly-Si lines. The C40 to C54 phase transformation after the removal of top Ti layer was studied with furnace annealing.
A Linkam THMS 600 heating cell coupled with the Spex 1704 Raman spectrometer, which allows in situ analysis during annealing was used for the C40-C54 phase transition study. Patterned wafers with various line widths were isothermally annealed in N 2 ambient at 550°C. Raman spectra were taken in situ to monitor the phase evolution. Shown in Fig. 3 is the in situ Raman spectra of phase transformation from 0.25 m lines during isothermal annealing. The phase transition from C40 to C54 TiSi 2 on quartermicrometer poly-Si lines is clearly illustrated in Fig. 3 . For a short annealing duration ͑10 min͒ at 550°C, only the downward shift of the Raman peaks of the C40 TiSi 2 were observable, due to the thermal expansion of the samples and the increased contribution of unharmonic vibrations. 7 For example, the C40 phase Raman peaks at 197 and 274 cm Ϫ1 shift to 192 and 269 cm Ϫ1 , respectively. At room temperature, the peak at 301 cm Ϫ1 from the transverse acoustic ͑TA͒ mode of the poly-Si substrate overlaps with the C40 phase Raman peak at 304 cm Ϫ1 . After 20 min annealing at 550°C, the Si peak shifts to 294 cm Ϫ1 , and its intensity becomes the highest relative to the C40 phase Raman peaks. When annealed at 550°C for 20 min, the C40 Raman signals became weak, and new Raman peaks appear at 189, 203, and 240 cm Ϫ1 which represent the C54 phase started to appear. After annealing for 90 min at 550°C, and cooling down to room temperature, only the C54 phase Raman peaks were observed, as displayed in Fig. 3 , indicating a complete transformation from C40 to C54 phase.
Similar experiments were carried out on 0.5 and 1 m poly-Si as well as blanket samples. Almost identical phase evolution was found on all poly-Si lines with various linewidths, revealing the fact that the C40-C54 phase transformation is independent of linewidths to at least the 0.25 m regime. Displayed in Fig. 4 is the phase transition on blanket C40 reference samples. According to classic nucleation theory, the nucleation rate is determined as
where K is a proportionality factor and k is the Boltzmann constant. The energy barrier ⌬G* is given by
where ␥ is the geometrical term determined by the physical shape of a nucleus, ⌬ is the change in surface energy, and ⌬G is the change in free energy that drives nucleation and phase growth. The term ⌬G 1 corresponds to the critical size of a nucleus, while ⌬G 2 determines the ability of the nucleus to grow. ⌬G 2 has been proven to be very close to the activation energy for the growth of macroscopic layers and is on the order of 1.6 ϫ 10 Ϫ19 J.
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The C49-C54 phase transition is characterized with a small free energy change (⌬G) and a large surface energy change ͑⌬͒. 10 Therefore, the energy barrier calculated from Eq. 2 becomes extremely high so that elevated temperatures are required for the transition to take place. As for the C40-C54 transformation, the change in free energy ⌬G is comparable with that of C49-C54. 11 However, the change of surface energy ⌬ from C40 to C54 phase is also small, due to the close similarities between their crystal structures. As a result, both ⌬G 1 and ⌬G are dramatically reduced as compared with the C49 phase. Therefore, the nucleation of the C54 phase from C40 TiSi 2 is much easier than that from C49 TiSi 2 , and can take place at low temperatures. This is consistent with the above experimental results showing that the C40-C54 phase transition occurs at temperature (T) as low as 550°C and is independent of linewidths. However, the precise determination of ⌬G for C40-C54 is difficult without the experimental surface energy and free energy data of C40 TiSi 2 .
Enhanced C54 TiSi 2 formation.-C40 TiSi 2 is expected to act as a template for the formation of the C54 phase. 10 The C54 growth on the C40 TiSi 2 is examined in our study with patterned features. After laser irradiation the Ti/C40 patterned samples without surface Ti removal were further annealed in the furnace for 30 min at 600°C. Raman spectra were obtained from the postthermally treated samples with different linewidths. Shown in Fig. 5a are the Raman spectra collected from 0.25 and 1 m poly-Si lines and 100 ϫ 100 m poly-Si pads. The formation of C54 TiSi 2 on Ti/C40 features with all linewidths from blanket wafers to 0.25 m was observed. On the other hand, however, as displayed in Fig. 5b , in the area without laser irradiation, the silicide formed on poly-Si strips with linewidths from blanket wafers to 0.25 m was the C49 phase. These structures with the C49 phase were further annealed to 800°C for another 30 min, and the Raman spectra are displayed in Fig. 6 . The large features, such as the poly-Si pads, presented only the C54 phase after the second annealing. However, C49 in the small features could not be transformed to C54 TiSi 2 completely. For example, Raman peaks of the C54 phase were found to coexist with weak C49 Raman signals in the spectrum of the 1 m poly-Si line ͑Fig. 5a͒. While for 0.25 m lines, the C49 peaks dominated and the C54 signals were weak, indicating that only a small amount of the C49 phase has transformed to C54 TiSi 2 even after the hightemperature annealing at 800°C for 30 min. Figure 5 clearly demonstrates that the template effect of C40 TiSi 2 in the formation of the C54 phase is also very effective on narrow lines. Without the C40 TiSi 2 , only the C49 phase can be formed at 600°C. With this LTP C40 TiSi 2 , the C54 TiSi 2 formation has been enhanced and can be achieved at 600°C on both blanket and patterned features regardless of the linewidth. Figure 6 clearly reveals the linewidth dependent nature of the C54 phase formation via C49, i.e., the fine line effect. On the contrary, as shown in Fig.  5a , the C54 phase Raman spectra from different linewidths are similar, which suggests that the growth of C54 phase via C40 not only can take place at low temperatures, but is also independent of linewidth. 
Elimination of fine line effect.-Cabral et al. demonstrated in their work
12 that the fine line effect could be suppressed by adding 5.2 atom % of Ta into the Ti layer. Figure 7 displays the C54 formation temperature dependence on feature linewidths. 12 For pure Ti and Ti-Ta alloy, the C54 formation temperature was determined during annealing at 3°C/s to 1000°C, with in situ XRD using a synchrotron X-ray as the incident source. 12 Due to the fine line effect, the C54 formation temperature increases from below 850°C for the blanket wafer to above 950°C for 0.2 m poly-Si lines. With the incorporation of Ta into the Ti metal, the fine line effect is suppressed and the Ti͑Ta͒ alloy consistently forms the C54 phase at temperatures that are ϳ100°C lower than that of pure Ti samples. However, as seen from Fig. 7 , the C54 formation temperature still increases about 100°C from blanket to 0.2 m structures. The temperature will eventually exceed the unacceptable 900°C as the linewidths approach 0.1 m.
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The fine line effect was also studied in detail in our work. After laser annealing, the Ti/C40 patterned wafers were heated at 3°C/s to 550-750°C with 20°C intervals using RTA and cooled immediately to room ambient without soaking at the target temperature. MicroRaman spectroscopy was applied to scan across the postannealed poly-lines and Raman spectra were collected in 5 m step. The Raman spectra were utilized to determine the C54 formation temperature. We defined the C54 formation temperature T as (i) at temperature T, all the Raman spectra collected should present either the C54 Raman peaks or the coexistence of the C40 and C54 Raman peaks; (ii) at temperatures below T, some Raman spectra should show only the C40 Raman signals without the presence of C54 Raman peaks. The C54 formation temperatures vs. linewidths are shown in Fig. 7 . For the Ti/C40 samples with linewidths ranging from 0.5 to 0.25 m, the C54 starting temperature are all within 650-670°C, which are only slightly higher than that of the blanket wafers. The above results further confirm that the C40 template is also effective on narrow features and its effect in lowering the formation temperature is much more pronounced for patterned wafers with narrow lines than for blanket wafers. The C54 phase formation is almost independent of linewidth. Our work provides a viable method for the semiconductor fabrication industry to use TiSi 2 for sub-0.5 m devices, and most probably for sub-0.18 m devices as well.
Conclusions
In conclusion, we have studied a new salicide process using the laser thermal process as the first annealing step. The C40 TiSi 2 template forms first after LTP, and the C54 phase grows on this C40 template during subsequent low temperature RTA/furnace annealing. The C40 template itself also transforms to C54 TiSi 2 at low temperatures. We also demonstrate that both the C54 growth on top of C40 template and the C40-C54 transformation present linewidth independent characteristics. Figure 7 . The linewidth dependence of C54 formation temperature for pure Ti, 12 Ti with 5.5 atom % Ta, 12 and Ti/C40 TiSi 2 wafer samples.
